Abstract. The 'Standardization Project for Optical Techniques of Strain measurement' (SPOTS) was focused on the development of reference materials for calibrating optical systems for static strain measurement and standardized tests for evaluating the capabilities of such systems. The reference material consists of a beam in four-point bending within a monolithic frame that ensures reproducibility of the boundary and loading conditions. A procedure for the use of the reference material has been developed and leads to the evaluation of measurement uncertainties that allow the construction of confidence limits for the data obtained with the calibrated optical system. The design and methodology have been developed into a proposed draft standard which is being endorsed by VAMAS (Versailles Agreement on Materials And Standards) for review by ISO (International Standards Organisation). An overview of philosophy underpinning the proposed draft standard is presented and serves as an introduction to the reference material and standardized test and their use in providing higher confidence in optical measurements of strain.
Introduction

Engineering context
The design process for engineering components and structures involves a series of decisions associated with optimising functional performance, minimizing costs and maximizing aesthetical appeal while achieving structural integrity. The quality of these decisions is dependent on the quality of the data available to the engineer which in the case of structural integrity includes information about the service loads to which the component or structure will be subjected and the stress levels that such loads will induce. It is common practice to predict the stress levels using simulations of designs based on numerical modelling techniques such as finite element analysis or boundary element analysis. The quality of data generated from these simulations is strongly dependent on the accuracy of the material model, the idealisation of the boundary conditions including the applied loads and the representation of the geometry in which discretization plays a major role in determining the reliability of the model. Schwer [1] has explained the need for both verification and validation of simulations in computational solid mechanics. In this context verification is defined in two parts: code verification in which errors in the computer program are a email: eann@egr.msu.edu eliminated; and calculation verification in which the numerical errors arising from discretization are estimated. Thus when employing a commercially available modelling code, such as a finite element package, the majority of the code verification will have been performed by the company supplying the package and in a good package it will be difficult for the operator to generate logic or programming errors during the building of model. However, the operator will have to estimate the errors arising from their chosen discretization and techniques such as convergence studies are frequently used. Validation is defined as 'the process of determining the degree to which a model is an accurate representation of the real world from the perspective of the intended uses of the model' [1] . The key to validation is the conduct of experiments specifically designed to generate results that can be compared to results from the model and as a consequence the quality of the validation is dependent on being able to assess the accuracy of the experimental results and quantify the uncertainty associated with them. Verification of numerical models is probably more frequently performed than validation because it can be self-contained within the simulation process and does not need to involve experiments which are perceived to be expensive, difficult to perform and introduce additional uncertainty. In practice, experiments are expensive, can be difficult to perform and allow uncertainties to be defined and known; however failure to conduct experiments for the purpose of validation may be more expensive and lead to greater difficulties as a consequence of uncertainties or errors being undefined and hidden. A traditional approach to validation of numerical models has been to identify the maximum or 'hot-spot' of stress from the results of the simulation and to use a strain gauge applied to a physical prototype to measure the corresponding strain. Such an approach, whilst better than no validation at all, is often insufficient since it assumes that the numerical model has correctly identified the largest maximum stress and that there is not an 'unseen' one elsewhere from which failure would initiate. It is also inadequate if the model is subsequently used to reduce the weight of a component by removing material from areas of predicted zero or close to zero stress; since the prediction in these areas has not been validated and could exhibit considerable errors that would not have been apparent at the location of the strain gauge. Of course, the use of strain gauges has been ubiquitous because most other methods of measuring strain or stress in experiments involved high levels of skill to apply coatings, such as in photoelasticity and moiré, or sophisticated equipment, such as electronic speckle pattern interferometry and thermoelastic stress analysis. In all cases, the interpretation of fringe data was both tedious and required a sophisticated level of understanding of the phenomenon generating the fringes. Since the mid-1990s there have been significant advances in a number of areas which have improved the accessibility of full-field methods of strain measurement so their use outside of the research laboratory has become more viable and increasingly popular. These advances include: the digital processing of fringe patterns which has transformed photoelasticity, moiré and electronic speckle pattern interferometry; new sensor technology that has revolutionised thermoelastic stress analysis; and the development of digital image correlation techniques. These advances offer the prospect of obtaining strain data over a full field of view for a relatively modest investment in capital and training, perhaps equivalent to that required to establish a competent modelling capability. Thus, it is significantly more viable to conduct the experiments specifically required for model validation as described above. However, the quantification of uncertainty and assessment of accuracy of the results remains an issue. The goal of the SPOTS (Standardisation Project for Optical Techniques of Strain measurement) was to address this issue by developing a draft standard for the calibration and evaluation of optical systems used for full-field strain measurement.
Why a standard?
The potential for using optical methods such as digital image correlation or digital photoelasticity for validating numerical models used in structural analyses is clear; however their adoption by industry has been relatively slow. This could be a result of the incipient conservatism of the engineering profession or a lack of awareness of the capabilities of the new technologies. However the marketing functions of the companies supplying the new technologies can be relied upon to handle
14th International Conference on Experimental Mechanics both of these reasons. Some more fundamental technical reasons for the slow adoption have been identified, namely a lack of confidence in the new technologies and, more specifically, the difficulty in verifying the results obtained from the optical systems. In some industries, such as aerospace these reasons are codified in the requirement for certification which leads directly to desirability of a recognised standard for the use of such optical systems.
A standard that provided a basis for the comparison of the diverse set of techniques and systems that have become available would also benefit the community involved in developing optical methods of measuring strain and deformation. For instance there is no recognised procedure for comparing results from one technique with those of another whether the techniques are in different domains such as comparing photoelasticity and thermoelasticity or whether they represent refinements of algorithms in the same domain such as comparing fringe unwrapping algorithms in moiré interferometry. A similar situation exists in comparing the commercially-available systems for full-field strain measurement whether one wishes to evaluate digital image correlation systems from different suppliers or to make a decision on whether to purchase an electronic speckle pattern inferometer or digital reflection polariscope. Of course proponents of different approaches and systems select strain regimes that demonstrate the performance of their system or approach to maximum advantage. In the scientific literature, test cases for which there is an elegant analytical solution, such as discs in compression, are frequently used but bear little relation to conditions likely to be encountered in industrial usage. This not only discourages adoption by industry but also tends to mislead researchers into believing that the problem is solved or the technique is sufficiently powerful. Thus, an appropriate basis for comparing and evaluating diverse techniques and systems potentially could increase trade, increase collaboration and increase confidence as well as provide better quality data with defined uncertainties for improved model validations. 
The SPOTS project
Design
Calibration and evaluation
In the above discussion two needs are identified which were initially thought to be synonymous but were quickly realised to have separate and distinct requirements, namely the need to calibrate an optical system in order to allow uncertainties to be quantified and the need to evaluate systems relative to one another or a design specification. The commonality leading the initial view of synonymy is the requirement to make comparisons. In the case of calibration, the comparison is between the result obtained from the optical system being calibrated and strain distribution that forms the final link in a chain of comparisons that leads to an international standard, i.e. provides traceability. The implication is that the strain distribution being compared should be simple and easily reproducible in order to facilitate a high quality calibration and accurate evaluation of the uncertainties. Such a strain distribution would be embodied in a reference material and one 46001-p.3 objective of the SPOTS project was to design a reference material that could be used with the entire range of optical techniques of full-field strain measurement at any scale.
For evaluation of optical strain measurement systems the requirement is somewhat different since the need is to assess the 'fitness for purpose' of a system either by comparison against a design specification or against another system. The use of a simple strain distribution as envisaged above for calibration would be inappropriate since it would hardly test the capabilities of a sophisticated instrument or system. Instead a more complicated strain distribution is required that will test the performance of the most sophisticated instruments. This strain distribution would be embodied in a standardised test material for which traceability to an international standard is not a prerequisite. It is anticipated that standardised test materials would be used: by end-users, for instance in assessing systems prior to purchase; by manufacturers to demonstrate the advanced features of their products; and by designers in developing more sophisticated systems. In all of these roles the need for diagnostics at a sub-system level was foreseen. 3 -important, 4 -highly desirable, or 5 -essential) assigned by individual partners in the project were averaged and the same exercise repeated for the wider community including the SPOTS partners. Essential attributes were identified as those having an average weighting from the whole community greater than the mean plus a standard deviation of the weightings and are highlighted above. The extent to which an attribute was possessed by the new PRM were assessed as 5 -completely possessed, 4 -to a large degree, 3 -to some degree, 2 -to a limited degree or in some circumstances, 1 -not possessed but could be arranged, 0 -not possessed at all. (©SPOTS consortium)
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Designing by adopting Rational Decisions
Acceptance by the community is a key component to the success of a standard and so the SPOTS project made significant efforts to involve the international community beyond the eleven partners from seven countries represented in the project. The basis for the design decisions was the rational decision making model [2] which involves the identification and weighting of attributes required in the design, the identification and evaluation of candidate designs and finally the embodiment of the selected design. The SPOTS partners initially brainstormed the attributes required in the reference material and the standardised test and then invited members of the Society for Experimental Mechanics and the participants in the 2003 Conference on Advances in Techniques in Experimental Mechanics to weight the attributes in terms of importance and to suggest additional attributes. This process resulted in 23 attributes which are shown in Figure 1 together with the weights assigned by the SPOTS partners and independently by the community. 
Physical Reference Material (PRM) design
The need for, and difficulty in attaining, reproducible boundary conditions was recognised following a round-robin conducted internally by the SPOTS partners. This led to a monolithic design that incorporated the boundary conditions for the specimen in which strain was to be measured. The need for a simple, reproducible strain distribution and the adoption of the four-point bending beam in other standards associated with materials testing led to the development of the monolithic design incorporating a beam in four-point bending shown in Figure 2 . The extent to which this design possesses the identified attributes has been assessed and is shown in Figure 1 . The gauge section is the center of the beam subject to four-point bending. Loading is provided via a set of whiffle-trees which provide the connection to the monolithic frame that guarantees reproducible loading conditions. The static load can be applied by any viable means in tension using the two circular holes on the centre line or in compression by placing the reference material on a flat surface and applying load via the nipple on the top surface. The displacement of the two halves of the reference material can be measured using a calibrated displacement transducer at the top left and right corners. The use of a calibrated displacement transducer provides traceability to the international standard for length which was deemed to be most appropriate for strain. Finally the interlocking shape of the two components in the monolithic frame protects the gauge section from excessive loading so that the strains remain elastic and hence reversible. The design was evaluated in a further round-robin conducted by the SPOTS project and in which the community was subsequently invited to participate under the auspices of VAMAS TWA26 [3] .
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Standardised Test Material design
A similar approach was taken in designing the standardised test materials. The physical standardised test material is shown in Figure 3 . The monolithic frame was incorporated again in order to provide reproducibility of the loading and boundary conditions. The gauge section or area of interest is the half of the disc making contact with the half plane and includes the area of the half-plane adjacent to the disc. Since this is a contact problem two pairs of thin cantilevers maintain the relative position of the two halves of the standardised test material. Loading in this case is only in compression as shown in the figure and can be quantified by measuring the relative motion of the two halves of the monolithic frame although traceability to a standard measure is not a requirement. 
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Calibration
The SPOTS project included the development and demonstration of a methodology for the use of the designs described above. The calibration procedure is described in detail in a set of guidelines published by the SPOTS project [4] and endorsed by VAMAS TWA26 [3] that includes the flowchart shown in Figure 4 in which the quantities to be reported as part of the calibration are highlighted in the box on the right. These include the uncertainties deduced for the calibration which will also be the minimum level of uncertainty in any future experiment conducted with the calibrated instrument or system. These uncertainties can be used to define confidence limits for the data obtained with the system as described by Patterson et al [5] and in more detail by Whelan et al [6] who performed a complete calibration of a commercially available electronic speckle pattern interferometer.
Evaluation
The omission of the requirement for traceability renders evaluation a potentially less exacting process. However the contact problem embodied in the physical standardised test material presents a number of significant challenges. This is entirely appropriate since the intention is to test the capabilities of the most sophisticated systems for full-field strain measurement. A round-robin within the SPOTS consortium has demonstrated that it is a challenge to generate a good set of data for both the half-plane and the disc [7] . The rigid body motion implicit in the design presents a major hurdle for many techniques, but can be significantly reduced by loading the standardised test material upside down as shown in Figure 3 rather than the other way up. Of course, such rigid body motion is not unusual in 'real' engineering situations where it is desired to measure deformation. As for the reference material a comprehensive set of guidelines for the use of the standardised test material were prepared by the SPOTS project [4] and endorsed by VAMAS TWA26 [3] . These guidelines include the capability to perform diagnostic tests by extracting data sets at various stages of the measurement and strain evaluation process and comparing them to standardised data sets as illustrated schematically in Figure 5 . The standardised data sets are linked together by analytical expressions in a functional pathway which is defined in the guidelines for a wide range of techniques for optical strain measurement.
Discussion and Conclusions
The designs and protocols for the use of the reference material and standardised test material were embedded in a draft proposed standard [4] created by the SPOTS project, reviewed by an independent editor and endorsed for submission to ISO by the Technical Working Area 26 of VAMAS [3] . It is hoped that it will be published in the future as an ISO TTA (Technology Trends Assessment) prior to evolving into a full international standard. However, it is available for use at the moment and exemplars of its use have been published in the scientific literature [6, 7] . The reference material design and protocol have been tested in a round-robin and provide an easy route to comparison for the primary purpose of calibration of an optical system for full-field strain measurement. However, the easy comparison also aids inter-laboratory, inter-technique as well as international studies at an elementary level which experience within the nine-partner, sevencountry SPOTS project demonstrated is far from straightforward. The calibration procedure permits traceability to the length standard to be established thus enabling certification and allows quantification of the minimum level of uncertainty to be expected in experiments conducted with the calibrated system.
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The standardised test material and protocol represent a challenging experiment for any laboratory to conduct successfully and will stretch the capabilities of the most skilled operators and most sophisticated instruments while at the same time allowing sub-system diagnostics so that weakness or shortcomings in the system under test can be identified. The standardised test material is a significant tool in establishing whether a system meets its design specification. 
